Escherichia coli is a clonal species. The best-understood components of its clonal variation are the flagellar (H) and polysaccharide (O) antigens, both well documented since the mid-1930s because of their use in serotyping. Flagellin is the protein subunit of the flagellum that carries H-antigen specificity. We show that 43 of the 54 H-antigen specificities of E. coli map to the flagellin gene at fliC and sequenced all 43 forms and confirmed specificity of each by cloning and expression. This is, to our knowledge, the first time that all known forms of such a highly polymorphic gene have been fully sequenced and characterized for any species. The established distinction between a highly variable central region and more conserved flanking regions is upheld. The sequences fall into two groups, one of which may be derived from the fliC gene of the E. coli/Salmonella enterica common ancestor, the other perhaps obtained by lateral transfer since species divergence. Comparison of sequences revealed that both horizontal DNA transfer and fixation of mutations under diversifying selection pressure contributed to polymorphism in this locus.
The O polysaccharide and flagellin are the two major antigens of gram-negative bacteria, also known respectivly as the O and H antigens. Both are highly polymorphic, and Escherichia coli, if one includes the Shigella strains, has 187 O and 53 H forms defined by serology (4, 6, 15, 21) . In this study, we show that 43 of the 53 H forms map to the fliC locus and have sequenced all 43 alleles. In some strains the H-antigen phenotype maps to alternative loci, so we cloned, sequenced, and expressed the fliC gene from type strains to relate definitively H-antigen specificity and sequence. These data supplement the genome sequence data of E. coli K-12 and O157:H7 to give more comprehensive genetic information on the species and, in conjunction with the recently published structure (31) of one flagellin form, will allow analysis of the structural basis of the antigenic variation and development of a molecular typing scheme for the H antigen.
The bacterial flagellum projects well beyond the surface of the cell and is rotated to provide motive power. The flagellar filament is composed of a single protein, flagellin. The flagellin proteins of E. coli and several other species are conserved in their terminal regions, while the central region is variable and carries H-serotype-specific epitopes (9, 17, 22, 39, 40) . The structure of the Salmonella enterica LT2 flagellum is known from electron microscopy, X-ray fiber diffraction, and X-ray crystallography. Three domains are recognized (Fig. 1) . The conserved terminal segments form the D1 domain located in the center of the flagellum, while the central region of the protein forms two domains (D2 and D3) exposed on the surface (31) . The boundaries between D1 and D2 correspond quite well to the boundaries between the central and terminal regions of the protein as determined by alignment of sequences of different forms. However, because we are dealing mostly with sequence data, we refer to conserved (C) and variable (V) regions (also shown in Fig. 1 ), except where discussing the domains based on structural data.
More than 40 genes are needed for flagellar assembly, structure, and function and the associated sensory reception and transduction of the information used to influence the operation of flagella (17) . In both E. coli and S. enterica these genes are mostly in four gene clusters, with fliC in one of them (17) . Most S. enterica have two flagellin genes, fliC and fljB, expressed alternatively to give the phase 1 and phase 2 H antigens, respectively. The fljB gene is in a fifth gene cluster, not known to occur in E. coli, that contains only fljB and fljA (32) . fljB and fljA are coexpressed, with fljA encoding a repressor of fliC, thus ensuring that only one flagellin gene is expressed at any time (35, 36) .
The single H antigen of E. coli K-12 is encoded at the fliC locus, and until recently this was thought to apply to all 53 forms (16, 17, 27) . However, Ratiner (27) showed that some H-antigen genes are at loci other than fliC, although none have yet been found at fljB. The new loci, flkA, fllA, and flmA, have not been mapped. The 53 H types in E. coli are numbered from 1 to 56, with numbers 13, 22, and 50 not in use (6, 21) . In this paper we show by cloning and expression that 43 of the 53 H-antigen types of E. coli are encoded by genes at the fliC locus and that 10 map to other loci.
PCR and sequencing, cloning, and expression of fliC genes. The fliC gene from each H-antigen type strain was PCR amplified, and the product was sequenced. Primers were based on sequences flanking or within sequenced E. coli fliC genes (see Supplementary Tables 1 and 2 at http://www.mmb.usyd.edu.au/archives/). Each fliC gene was cloned into plasmid vector pTRC99A (Pharmacia), and expression was checked by agglutination and microscopic examination of a fresh culture for motility.
Bioinformatics. DNA sequences were assembled and edited by using the programs Phred, Phrap, and Consed (7). The Stephens algorithm (37) was used to detect intragenic recombination, and nucleotide diversity () was calculated by the method described by Nei and Miller (19) . Calculation of synonymous and nonsynonymous substitution rates used the program kindly provided by W. H. Li (14) . Evolutionary trees were generated by the neighbor-joining method (30) , based on distance estimated by using the two-parameter method of Kimura (12) . Phylogenetic trees and bootstrap analysis to determine the statistical significance of each node were done by using PHYLIP (version 3.4; written by Joseph Felsenstein, Department of Genetics, University of Washington, Seattle).
Protein partial specific volume. A calculated partial specific volume was obtained from high-resolution crystal structures by the following method with the CCP4 suite of programs (2) . The nonhydrogen protein atoms from protein database entries were selected, and the volume of the protein was estimated by constructing a surface that is accessible to water by use of a 0.14-nm probe and by use of the surface to calculate a cavity volume. The amino acid sequence was used to calculate the molecular weight, and a calculated partial specific volume was derived from the values for cavity volume and molecular weight. The calculated specific volume of domains D2 plus D3 of flagellin (residues 176 to 403 of 1IO1) was 0.79. The calculated values for four selected proteins were as follows: bovine alpha chymotrypsin (4CHA), 0.83; hen egg white lysozyme (193L), 0.75; human serum albumin (1A06), 0.79; and porcine pepsinogen (3PSG), 0.80. Designations in parentheses are from the Protein Data Bank (www.rcsb.org/pdb/) for the protein structures used.
Nucleotide sequence accession number. Sequence data from this article have been deposited with GenBank under accession no. AY249138 and AY249989 to AY250029.
RESULTS
Sequence of fliC genes. We were able to PCR amplify flagellin genes from type strains for H antigens 1, 6, 7, 9, 10, 12, 14, 15, 16, 18, 19, 20, 23, 26, 28, 30, 31, 32, 34, (3, 11, 18) . Two primers specific to each gene were chosen, none having more than 85% identity with any other flagellin sequence (see Supplementary Table 3 at http://www .mmb.usyd.edu.au/archives/). A PCR product of the expected size was found for PCR across the junction of fliC with one of or both fliD and fliA for each gene, establishing that all are at the fliC locus. Some of the PCR products were also sequenced to give full fliC gene sequences.
Only for the H36 and H53 type strains did we not obtain flagellin gene sequence by the above methods. Both are known to be encoded by genes at loci other than fliC (27) , and as we were unable to get amplification by using any of the fliC primer pairs, we presume that the fliC gene is at least partially deleted.
Before the start of our work, the fliC genes from the type strains for H antigens 1, 7, and 12 had been sequenced (33) . Our sequences for these genes differ from the respective published sequence at from one to four sites, and we carefully rechecked our data.
Specificity of E. coli fliC genes. The H3, H36, H47, and H53 flagellin genes have been shown to be at a locus called flkA, the H44 and H55 genes at fllA, and the H54 gene at flmA (27) . However, the strains expressing some of these H antigens are known to carry a fliC gene in addition to a flkA, fllA, or flmA gene (27) . For most other H antigens, it is not established that the expressed flagellin gene is at fliC as is generally assumed, and it was necessary to determine for each of the fliC genes sequenced if it carried the H specificity of the strain from which it was obtained.
The full fliC genes from the H type strains, except those for antigens 4, 17, 35, 36, 44, 53 , and 54 (see below), were successfully PCR amplified and cloned into expression vector pTRC99A (for details see Supplementary 16, 8, 21 , and 38, respectively, while those from strains H17 and H44 both express H antigen 4. The deduced amino acid sequences of these fliC genes differ in up to 8 amino acids from those of the corresponding type strains (for details see Supplementary Table 5 at http://www.mmb .usyd.edu.au/archives/). There were four H type strains for which we could not express the fliC gene. Those of the H35 and H54 type strains carried an insertion sequence in a gene otherwise nearly identical to the H11 and H21 fliC genes, respectively. We were unable to PCR amplify and clone the fliC gene from the H36-and H53 type strains.
Thus, of the 53 type strains, 43 have a fliC gene for their H antigen, while six have a fliC gene that expresses an alternative H antigen when cloned but not when situated on the chromosome, as cross-reaction is not reported. The four strains for which we could not express the fliC gene are all known to have the H antigen expressed from a locus other than fliC. Two carry insertion sequences, and two could not be amplified by PCR probably because they have undergone deletion. It seems clear that the flagellin genes for exactly 43 of the 53 H antigens are located at the fliC locus.
Comparison of fliC sequences. We first used the S. enterica LT2 sequence as outgroup for analysis of the relationships of E. coli fliC genes. It became clear that there was a complex relationship between the LT2 and E. coli sequences, and for this reason, in the trees to be presented, we included Proteus, Yersinia, Bordetella, and Serratia sequences, with the Bordetella sequence as the outgroup (Fig. 1 ). There are 35 and 9 S. enterica fliC and fljB full gene sequences, respectively, available in GenBank, but there is considerable duplication, and they encode, respectively, only nine and two different H antigens. A representative of each was included in our analysis (for GenBank entries, see Supplementary Table 6 at http://www.mmb .usyd.edu.au/archives/).
As expected, the N-and C-terminal regions of the predicted E. coli flagellin sequences are strongly conserved. The junctions between them and the central variable regions were readily apparent in whole-protein alignments (see Supplementary Table 7 at http://www.mmb.usyd.edu.au/archives/). DNA alignment was based on the amino acid alignment (only wholecodon gaps were allowed). We divided each gene into three regions for separate phylogenetic analysis. C1 (conserved region 1) includes codons 1 to 176 (numbering based on that of the H7 sequence), V (variable region, codons 177 to 491), and C2 (conserved region 2, codons 492 to 585). The junctions (Fig.  1) agreed well with the structural data for S. enterica LT2 flagellin, which show that the two terminal conserved segments form a single domain located in the center of the flagellum (31) .
The C1 and C2 sequences were readily aligned, and there were few indels (see Supplementary Table 7 at http://www .mmb.usyd.edu.au/archives/). However, the V region sequences were much more difficult to align even within E. coli, as there were areas of very low-level identity. Many indels were seen, some of which were very long, but it should be noted that, although they appear as indels in alignments, many are most likely due to substitutions by sequences so divergent that the program finds insufficient similarity for alignment.
DISCUSSION
A complete set of E. coli fliC sequences. There are 53 H antigens in E. coli, and we have established that 43 are encoded by genes in the fliC locus. We present here the sequences of all 43 E. coli fliC H-antigen alleles.
After the sequences reported here were obtained, fliC sequences from the type strains for H antigens 4, 5, and 12 (GenBank accession numbers AB028472, AB028473, and AB028475, respectively) and 12 nontype strains (H antigens 6, 9, 10, 11, 14, 23, 42, 43, 45, 46, 48, and 49) were reported to GenBank (AF128945, AF079163, AF169320, EC0243796, AF169321, AB028476, AF169322, AF169323, AB028477, AB028478, U00096, and AB028480, respectively). Our sequences for the type strains are 100% identical to those published and are more than 99% identical to those of nontype strains.
E. coli H antigens not encoded by fliC genes. It is known that genes encoding H antigens 3, 36, 44, 47, 53, 54, and 55 are located outside fliC (27) , with three loci, flk, fll, and flm, being named. We show here that genes for H17, H35, and H40 are also located in loci other than fliC but were unable to determine if they mapped to flk, fll, or flm, because these loci have not been mapped. The type strains for H antigens 3, 40, 47, 55, 17, and 44 all have fliC genes that are very similar to fliC alleles for other E. coli H antigens and in K-12 express those antigens. The fact that each expresses one of the 43 known fliC H antigens suggests that the E. coli H-antigen typing scheme is virtually complete.
It is not clear what regulates the expression of flagellin genes when there is more than one such gene in E. coli, although it has been shown in some but not all cases studied that a repressor acts on the fliC genes to give phase variation as in S. enterica (26, 27) . The strains that we studied are the H-antigen type strains and are not reported to express an additional H antigen, but we did not subject those with the expressed gene not at fliC to selection for expression of an alternate phase. As the promoter region of fliC was not cloned in the expression experiment, it is also possible that this region is mutated in some strains.
The fliC genes of Shigella strains. All Shigella serotypes except Boydii 13 are fully within E. coli (24, 25) , and for this reason we refer to them as Shigella, Dysenteriae, or Sonnei, etc., strains of E. coli. Shigella strains are nonmotile, and the studies by Al Mamun et al. (1) show that the basis for loss of motility varies and for example can be due to deletion in the fliF operon or an IS1 insertion mutation in the flhD operon. Sequences available for fliC genes of Dysenteriae 1 (GenBank SHDFKICD), Sonnei (SHFFLIC SB3), Boydii 5 (SHFFLIC B), and Flexneri 2a (SHFFLIC SF1) are 96.6, 99.8, 97.9, and 96.7% identical to our sequences for H18, H16, H45, and H14, respectively. This confirms the well-recognized view that Shigella strains are forms of E. coli. The fact that the four Shigella strains have fliC genes for one of the 43 E. coli H antigens already mapped to fliC further supports our belief that the 43 fliC genes represent close to a complete set for E. coli.
Major subdivisions of the fliC genes of E. coli. We compared the E. coli fliC genes with those of S. enterica and used other Enterobacteriaceae as outgroups. We first discuss the variation in E. coli but present only trees that include the other sequences. The E. coli fliC sequences for both C1 and C2 fell into two well-defined groups, which we have named Ec1 and Ec2 (Fig. 2) . The Ec1 strains can be further divided into subgroups that we have named Ec1a and Ec1b, with the division consistent in the C1 and C2 regions, except for H4, H24, and H52. The Ec1a, Ec1b, and Ec2 groups and subgroups are also seen in the V region, but whereas the distribution of strains into Ec1 and Ec2 is the same for C1 and C2, there are exceptions for the V region that are discussed below with the S. enterica sequences. The Ec1a and Ec1b subgroups are also separated in the V region tree, and some forms lie outside the subgroups. For the C1 region pairwise identity levels within Ec1 or Ec2 range from 100 to 79.8% and 100 to 78.2%, respectively, and for the C2 region, from 100 to 75.5 and 100 to 79.1%, respectively. The average pairwise identity among all E. coli fliC genes is 66.1%. The division into Ec1 and Ec2 is strongly supported by high bootstrap values for the C1 and C2 sequences, although the bootstrap values for separation of Ec2 from the S. enterica groups are not so good (see below).
FIG. 2.
Phylogenetic trees for the three regions of the E. coli flagellin genes generated by the neighbor-joining method. The trees for the C1 and C2 regions were based on DNA alignment, and that for the V region was based on amino acid alignment. Eleven flagellin genes of S. enterica strains are included, and they are labeled with the locus (fliC or fljB) followed by the H-antigen form encoded, using antigen specificity designations traditional for S. enterica fliC and fliB genes (23) . See text for details of groups of E. coli and S. enterica genes indicated in the figure. All E. coli fliC genes are from the type strain for that antigen. Flagellin genes of Proteus mirabilis (GenBank accession no. L07270), Yersinia enterocolitica (L33467), Bordetella bronchiseptica (L13043), and S. marcescens (M27219) were also included, and that of B. bronchiseptica was used as the outgroup. The value adjacent to a node indicates the percentage of 1,000 bootstrap trees that contain the node. Only those greater than 50% are shown.
VOL. 185, 2003 VARIATION IN THE E. COLI FLAGELLIN (H-ANTIGEN) GENE
Flagellin sequences and flagellar morphotypes. Lawn et al. described the appearance under electron microscopy of flagella of E. coli type strains for all but H56 of the presently recognized H antigens and distinguished six morphotypes. The division into morphotypes correlates well with our division based on DNA sequence, with the V regions giving the best fit. Morphotype D comprises H21, H8, H27, and H11, which form the core strains of group Ec2. Seven of the eight morphotype B strains are in Ec1b for the V region, while the 8 morphotype E and 14 morphotype F strains comprise 22 of the 23 Ec1a forms for the V region. The six morphotype C strains are not grouped in the sequence trees, and the one morphotype A strain (H4) was not placed consistently in the C1, C2, and V region trees, but overall there is a very good correlation indicating that part of the sequence variation that we observe is responsible for the different structural forms. The eight H antigens that did not map to fliC had one each of five of the defined morphotypes. There were five H antigens not allocated to a morphotype, of which H9 and H16 map to fliC.
Relationships of E. coli and S. enterica flagellin genes. The S. enterica flagellin sequences, like those of E. coli, fell into two discrete groups, with most fliC genes in Se1, but the fliC genes of serovars Typhimurium (fliC:i) and Choleraesuis (fliC:c) were grouped with the two fljB genes as Se2 (Fig. 2) . However, as only two fljB sequences and a group of mostly closely related fliC sequences are available, it is premature to generalize about S. enterica flagellin genes.
The E. coli and S. enterica sequences do not form separate clades for each species, and neither does it appear that the two groups of flagellin genes in each species are derived from a gene duplication in a common ancestor. In general Se1, Se2, and Ec2 are more closely related to each other than any are to Ec1. The Proteus, Yersinia, Bordetella, and Serratia sequences are outside the E. coli/S. enterica sequences for C1, but for C2 the Proteus and Yersinia sequences are on long branches among the Ec2/S. enterica sequences, although bootstrap support for this arrangement is below 50%. The Se1, Se2, and Ec2 groups are supported by high bootstrap values for each region, but the relationship between them is less clear.
Origins of the two groups of E. coli flagellin genes. The four flagellin gene clusters of E. coli, including the fliC cluster, are conserved in the Yersinia pestis genome (http://www.sanger .ac.uk/Projects/Y_pestis), and they map in similar locations in E. coli and S. enterica, indicating a long history in the Enterobacteriaceae and in particular a fliC locus in the E. coli/S. enterica common ancestor. The very high levels of divergence for the V region, both within E. coli and between E. coli and S. enterica, indicate that it has a very different history from that of housekeeping genes. However, for the C1 and C2 regions of fliC, the differences between E. coli Ec2 and S. enterica are comparable to those of housekeeping genes. E. coli and S. enterica housekeeping genes are, on average, 84% identical in the two species, ranging from 72.5 to 99% (34) . Pairwise comparisons of the C1 regions of flagellin genes of Ec2 and S. enterica gave identity levels ranging from 63.7 to 80.3% and for the C2 regions identity levels ranging from 65.4 to 73.9%, both close to the divergence for homologous genes in general. We suggest that the conserved regions of the fliC genes in the E. coli Ec2 and Se1 groups were derived from the fliC genes of the common ancestor. This conclusion is supported by analysis of synonymous and nonsynonymous substitutions. Sharp (34) compared 67 housekeeping genes present in both E. coli K-12 and S. enterica Typhimurium and found average values for the number of synonymous substitutions per synonymous site (K S ) and the number of nonsynonymous substitutions per nonsynonymous site (K A ) of 0.94 and 0.039, respectively, and an average K S /K A ratio of 24. The average K S /K A ratio of 24 reflects the strong selection against nonsynonymous substitutions in the absence of selection for change, while synonymous substitutions are fixed by random genetic drift. We can compare our data with those for the 67 housekeeping genes. For this analysis of the relationship of Ec2 and S. enterica, the C1 and C2 regions were divided into C1a (bp 1 to 303, but note that 1 to 69 is not sequenced for most strains), C1b (bp 304 to 540), C2a (bp 1414 to 1569), and C2b (bp 1570 to 1755), as it became obvious that both conserved regions had segments with different K A values (Table 1 ; see also Fig. 1) . The values of K S and K A ( Table 1) for C1a and C2b are typical of the values for comparison of genes of E. coli and S. enterica, as is expected if the divergence in this part of the fliC gene was a result of random genetic drift. We conclude that the C1a and C2b segments have not been subject to selection for change but diverged only under random genetic drift over a period equivalent to that for divergence of E. coli and S. enterica. However, both the C1b and C2a segments gave higher K A values, and the C2a region also has a higher K S (see below).
The situation for Ec1 is quite different. Ec1 fliC sequences are much more divergent from S. enterica sequences and have K S and K A values that indicate saturation, such that they are not useful for indication of divergence time (data not shown). The Ec1 cluster is equidistant from the Ec2 and S. enterica clusters (Fig. 2 ) and was probably acquired by E. coli after the divergence of E. coli and S. enterica or alternatively was lost in S. enterica. However, only a fraction of the S. enterica flagellin genes have been sequenced, and it cannot be precluded that S. enterica flagellin genes corresponding to the Ec1 group will be found.
The difference between Se1 and Se2 is similar to that between either and Ec2, suggesting that Se1 and Se2 diverged soon after the species S. enterica and E. coli diverged. The situation is complicated by the fact that Se2 includes alleles of fliC and fljB, but it should be noted that gene conversion has been observed for fliC and fljB (20) . However, we must again observe that the small number of S. enterica flagellin gene sequences presently available makes it premature to speculate on the origins of the variation in this species.
Recombination within E. coli. While the Ec1 and Ec2 groups are distinct in the C1, V, and C2 regions, there are a few strains that fall into different groups in one of the regions, suggesting recombination within E. coli. H43 and H52 have Ec1a C1 regions but Ec1b V and C2 regions, while H10 has Ec1a C1 and C2 regions, but the V region is from Ec1b. H24 and H48 have V regions that group together at the base of Se2: H48 has Ec1a C1 and C2 regions, while H24 has one of each. The H2 V region is even closer to the Se2 cluster, while its C1 and C2 regions are at the base of the Se2 cluster. The depth of the Se2 V region cluster, if one includes H24, H48, and H2, is no greater than those for Ec1a and Ec1b. It is clearly possible that these V regions were derived from S. enterica, but the picture will become clearer as more S. enterica flagellin sequences become available. The V region of H16 is unique in being grouped with the outgroup strains of Yersinia pseudotuberculosis and Serratia marcescens, while the C1 and C2 regions are within the Ec1b group; it appears that the V region may have been acquired from a distantly related species. There are no cases of C2 or C2 sequences of E. coli or S. enterica not grouping with sequences from the same species. However, as relatively few of the S. enterica sequences have been published, it is not possible to preclude lateral transfer of whole fliC genes between these species.
There are several cases of sequence relationships of Ec1a or Ec1b being different in the V region from those found in the C1 and C2 regions, presumably due to recombination. The core of the Ec2 group includes the H8, H11, H21, and H27 alleles, which are closely related in their C1, V, and C2 regions (Fig. 2) . However, for H16 and H2 the C1 and C2 regions are more distantly related but clearly within Ec2, whereas the H2 V regions cluster with the Se2 sequences and the H16 V region is in a poorly resolved group near the base of the tree with the outgroups. It seems clear that there has been recombination involving the V region only.
There are other cases where the C1 and C2 regions are in the same subgroup, but there are significant differences between the trees (Fig. 2) . For example H26, H9, and H19 are clearly within Ec1a, but whereas their C1 regions are closely related, the C2 regions of H9 and H19 are closer to that of H14 than to that of H26 (Fig. 2) . This indicates recombination between Ec1a genes. The C1 and C2 regions of H1, H45, and H12 provide another example (Fig. 2) . It seems clear that, while there has been little if any recombination between Ec1 and Ec2 genes within either C1 or C2, there has been some reassortment of these regions that must have involved recombination within each group.
Another example of varying association between fliC regions is H24 and H48, which are in Ec1 for the C regions but group together at the base of Se2 for the V region. Also, H10 and H43 are at the base of Ec1b in the V region but in Ec1a in the C regions; it is interesting that these two sequences cluster together in the V and C1 regions but not in the C2 region.
Application of the Stephens test for nonrandom clustering of polymorphic nucleotide sites (37) revealed many intragenic recombination events in E. coli fliC genes (for polymorphic sites see Supplementary Table 8 at http://www.mmb.usyd.edu .au/archives/). For example, regions from positions 465 to 537 of H14, H31, and H28 are almost identical and are distinguished from the other Ec1a sequences at 11 to 13 sites. The overall picture is one of recombination between and within the major groups but in general one of stability of the major groups, with the C1, V, and C2 regions of most fliC genes in the same major group.
Mutations under selection pressure as a source of variation in the central region. Joys (10) suggested that random mutations accumulated in the central region of the fliC region due to absence of functional constraint. The alternative view is that selection pressure and lateral gene transfer provide the source of variation (13, 29) . It is difficult to obtain from sequence data alone evidence for the V region being free of functional constraint. In bacteria the frequency of K A rarely exceeds that of K S , which would give clear evidence for selection, but a decrease in K S /K A is usually taken as evidence for change due to selection, although a decrease could arise from a lower level of functional constraint or from counterselection. The genes studied in general encode proteins of known function; hence, relative lack of constraints is not considered an explanation for cases of a lower-than-usual value for K S /K A , because function has to be maintained. In 1988 the V region was not known to have any specific function, as it codes for the exposed part of the flagellin that is not greatly involved in the interactions that give the flagellum its shape and structural properties. It was on this basis that Joys put forward his proposal that the V region lacks functional constraint.
However, we now know that the V region has a major functional role. Flagellin monomer moves through the central pore of the growing flagellum before being incorporated at its distal end, and it is now known that in flagellin monomer only the V domain is ordered, the other domains being disordered until incorporation into the growing flagellum occurs (8) . The V region therefore has the important function of being folded first and keeping the two components of the C domain in proximity such that they can fold together when they contact the tip of the growing flagellum. It has also been shown that a D313Y substitution in the D2 domain affects filament structure and that the nearby residue Asn315 makes a hydrogen bond with Gly133 in D1 (31) , showing that D2 does play a role in maintaining integrity of the flagellum.
The V region is also typical of globular protein domains in many respects. It is almost entirely comprised of secondary structures, mostly ␤ structures with one ␣ helix. It has a calculated partial specific volume of 0.79 cm 3 /g, within the range of 0.75 to 0.83 for four well-documented globular proteins (Materials and Methods), and very close to the normal experimental range of 0.72 to 0.75 (5) (We thank Charles Collyer for this analysis.) The enthalpy and entropy changes from native state to fully folded state (⌬H and ⌬S) for flagellin monomer are also within the range for other globular proteins, if applied to only the V domain to allow for the finding that the C domain does not contribute to these changes (8) . The active site of an enzyme comprises a relatively small part of the protein and involves only a few residues, the major constraint to amino acid substitution overall being maintenance of tertiary structure. It is this that keeps the thermodynamics of the folded state and the partial specific volume within the typical range, and the fact that the V domain of flagellin is within this range implies comparable constraints on amino acid substitution. The V region is typical of globular protein domains, and we see no reason to treat overall levels of sequence variation in flagellin differently from how those in other proteins are treated.
Since 1988 there has also been direct support for selection contributing to the variation. With knowledge of the clonal structure of bacterial populations has come recognition that surface antigen genes are subject to higher levels of lateral transfer than are most other genes, with the implication that there is selection for the diversity in these genes. We will therefore proceed on the assumption that variation in fliC can be interpreted in the same manner as variation in other genes.
The full set of E. coli fliC genes provides the opportunity to test hypotheses on the source of variation by using either pairs of related sequences or defined groups of sequences. We selected three pairs of closely related fliC genes, H1/H12, H30/ H32, and H5/H56, with no indels and DNA identity levels of (Table 2) , close to those for comparisons of E. coli and S. enterica genes, indicating that there is not significant selection pressure for change. However, C1b and C2a of Ec2 and Se1 give higher K A values, and C1b also has a higher K S . We suggest that C1b and C2a, which are adjacent to the V region, have either undergone mutation under selection pressure or were transferred from another species into the E. coli fliC locus together with the V region (to give higher values for both K A and K S ). There could be selection for mutational change in these subregions to adapt in some way to changes in the adjacent V region, while cotransfer with the V region from another species could account for the higher K S of C1b.
Potential for molecular typing. The H antigen has been used for the detection and identification of bacteria in many species (40) . In S. enterica and E. coli, the combination of H and O antigens in general defines a clone (6, 23) . In this study we showed that 43 of the 53 E. coli H antigens are encoded by genes in the fliC locus and identified specific primers for each allele (Supplementary Table 2 at http://www.mmb.usyd.edu.au /archives/). These primers can be used to develop PCR-or microarray-based methods for identification of E. coli strains to replace serotyping methods.
The genes for 10 H antigens remain to be sequenced. All map at loci other than fliC, and it is unlikely that their inclusion will reduce the ability to find antigen-specific primers. Indeed, one might expect that, as at least three loci are involved, the additional sequences will increase the overall level of diversity. Nevertheless, trials need to be carried out for each primer pair before routine use. The H7 primers were tested by PCR against all 53 H type strains and a panel of H7 strains; it was found that they amplify only DNA from H7 strains (38) , confirming that the primers chosen are specific in this case.
Concluding remarks. The full set of fliC genes of E. coli was sequenced. The data confirm earlier observations of a central highly variable region and flanking conserved regions. Surprisingly, the sequences fell into two divergent groups. Comparison with the S. enterica sequences available showed that only part of each of the two so-called conserved regions is completely free of selection for diversity, but these segments allowed us to show that one group of E. coli fliC genes (Ec2) is consistent with derivation from the fliC gene of the common ancestor of E. coli and S. enterica. Variation in the V region was extremely high and also high in the contiguous parts of the C regions as generally recognized. Comparison of closely related forms revealed lower K S /K A ratios for these regions characteristic of genes under directional mutation pressure, but it was also apparent that recombination was a major contributor to generation of H-antigen polymorphism. Both H and O antigens are on the cell surface and appear to be the major targets of the immune system, which must apply intense selection and contribute to the origin and maintenance of the high level of variation. The variation is thought to allow the various clones of a species to each present a surface that offers a selective advantage in the niche occupied by that clone. It is difficult to demonstrate directly the selective advantage of specific antigenic variants, but we have estimated that a selective advantage of only 0.1% for one antigen over another in a given niche is more than sufficient to maintain different alleles in different clones (28) . However, the data presented provide strong indirect support for selection for change of H-antigen specificity.
The morphological variation observed in the 1970s (12a) correlates well with the fliC sequence variation that we observe, but studies on flagellin genes of other species will be needed to determine the extent to which this variation arose within E. coli and reflects long-standing polymorphism or lateral gene transfer. 
